the finger motions of a character playing a guitar by first building a motion capture database of hand configurations, and then, given a (sometimes partially specified) desired hand configuration, running the K-Nearest-Neighbors algorithm to search for the closest physically attainable configuration.
Introduction
From the early days of computer graphics, biomechanical modeling and simulation have played an integral role in producing life-like animations of human characters [1] [2] [3] [4] [5] [6] [7] [8] . Over the years, biomechanics has continued to be a vital part of computer graphics, and recent feature films, such as those from Weta Digital, have taken biomechanical simulations to unprecedented levels.
Arguably, the three most important aspects of human motion for computer animation are facial animation, gait/locomotion (lower limbs), and grasping/manipulation (upper limbs, esp. hands).
Of these, the hand has garnered the most attention in terms of musculoskeletal simulation models, and is thus the topic of this review article. For a review of character locomotion with muscles, we refer the reader to the works of Geijtenbeek et al. 9) and Lee et al. 10) .
Simulation Models
Hand models can be divided into six categories, each with an important use in computer graphics.
• Example-based models (Sec. 2.1): These models deform the outer skin based on learned examples of subcutaneous muscle deformations.
• Passive muscle models (Sec. 2.2): These muscles deform in response to the change in skeletal pose. This approach is popular, since it gives the animator full and direct control over the pose of the virtual character.
• Joint torque models (Sec. 2.3): Unlike the previous two models, models using joint torques represent actuators-they drive the skeleton rather than the other way around. This is the most popular model used in grasping and manipulation control.
• Moment arm models (Sec. 2.4): This approach is used 解 説
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• Dynamic strand models (Sec. 2.5): In approaches based on joint torque and moment arms, the mass of the muscles is lumped to the skeleton at some fixed pose. Approaches based on dynamic strands treat muscles as dynamic bodies that slide on top of the skeleton.
• Volumetric models (Sec. 2.6): These approaches treat muscles as volumetric primitives, using the Finite Element or Finite
Volume methods. These approaches are difficult to apply to hand simulations.
Since the main focus of this review is on "musculoskeletal" models of the hand, we do not cover some of the approaches that have no notion of muscles or actuation (e.g., some of the early work on knowledge or rule-based approaches 6, 8, 12) ).
Example-based
One approach for automatically generating biomechanically correct motions is to build a database of motions and then to interpolate the motions at run time. The database can be built from various forms of input: e.g., motion capture 13) , medical images 14) , 3D scanners 15) , or video cameras 16) . At run time, the database is queried for poses that are as close as possible to the input pose.
One of the earlier works to use a motion capture database for the hand is "Handrix" 13) by ElKoura and Singh. They synthesize
The Pose Space Deformation (PSD) algorithm 17) is a shape interpolation technique that uses radial basis functions for pervertex scattered-data interpolation. Kurihara and Miyata
14)
augment PSD with vertex weights in the distance computation, so that bones that have a small influence on a particular vertex would not contribute to the distance computation in the pose space. This extension is especially helpful for highly articulated models such as the hand. Neumann et al. 16 ) extend PSD so that it is a function of the "build" of the body, such as the height and the body mass index. They show muscle bulge effects for the human shoulder complex for various arm motions under different force conditions.
The same approach can be used for hand animation as well.
The example data can also come from another simulation. In 
Passive Muscles
Some studies focus on passive muscles, which are muscles that deform in response to change in the skeletal pose. This is a popular approach in graphics, since animators manipulate bones rather than muscles. Typically, the character mesh is first created, and the skeleton is added (known as the "rigging" process). Then the animator creates character motions by moving the individual bones, frequently using joint angles as the degrees of freedom.
If a musculature layer is added, it must not interfere with this animation pipeline. Therefore, an approach most often taken by various animation packages, such as Autodesk Maya®, is to deform the muscle depending on the configuration of the skeleton, rather than the other way around, as in the real body.
Th r e e r e l a t i v e l y e a r l y c o m p u t e r g r a p h i c s p a pers on musculoskeletal simulation used this approach. The graphical musculotendon model of Scheepers et al. 19) supports both fusiform and non-fusiform muscles. Muscle belly shapes are modeled using ellipsoids, whose major and minor axes are computed to conserve deforms through relaxation of muscle "action lines." In each frame of animation, they solve for the static configuration of the action lines of the muscles, and the muscle meshes are deformed accordingly using an approach based on linear blend skinning.
Joint Torques
Approaches based on joint torques are most commonly used for hand grasping and object manipulation controllers. Joint torques abstract out muscles as ideal actuators that span a single joint.
This simplifies the control problem significantly, since the inputoutput relationship becomes linear, and the coupling between joints disappears. Furthermore, these approaches are better suited than kinematic approaches (Sections 2.1-2.2), since it is difficult to kinematically generate the subtle phenomena important for grasping and manipulation, such as contact and friction. We categorize these approaches by whether or not they generate hand
animations with motion-captured data.
With Motion Capture
Combining motion capture with a physically-based simulator and controller produces impressive results. Using this approach, Motion capture can also be used for grasp synthesis, which deals with deciding which type of grasp (e.g., pinch grasp, power grasp) to use given a new input object to be manipulated. Li et al. 24 ) present a data-driven algorithm to this problem. Starting with a database of grasping motions, they choose a natural grasping pose from the database by using an anatomically based grasp quality measure specific to the human hand. Their metric considers physical quantities such as amount of torque at joints and frictional forces at finger tips. The muscle model of Lee and Terzopoulos on the simulation of the neck 37) and the upper body 38) uses the same formulation of moment arms universally used in biomechanics 11) . They also include the FV curve 39) , perhaps for the first time in graphics. They
Without Motion Capture
use an exponential to model the FL of the passive force. However, they linearize both the FL and FV of the active force to simplify the inverse problem. Their results include not only pose control, but also tone and reflex control through co-contraction of muscles.
Dynamic Strands
Approaches based on moment arms do not work well for the simulation of the hand, since the simulation of musculoskeletal dynamics with tendons and complex routing constraints is one of the most difficult challenges in computational biomechanics, and the human hand contains many examples of these complex routing constraints, such as the tendinous hood of the extensor mechanism of the finger and the tendons of the carpal tunnel 40, 41) . These difficulties are handled efficiently by the next category of hand simulators, which we call "dynamic strands" [42] [43] [44] [45] .
The simplified finger model in Figure 1 illustrates the difficulties of applying moment arm based approaches to the hand. The simulation model consists of three rigid bodies and three strands. Their algorithm, "contact invariant optimization," computes for the contact locations over time by introducing real-valued auxiliary variables in the optimization that control whether or not a finger is making contact with the object.
Moment Arms
Approaches based on moment arms 11) are widely used in the biomechanics community. Similar approaches have been used in the graphics community for over a decade, but recently, there has been a more pronounced merger between the two, especially in the study of locomotion [31] [32] [33] .
Perhaps the first work to study the anatomy of the hand for computer animation was the work of Albrecht et al. 34) They use physically based hybrid muscle model to convert muscle branching, kinematic loops, and slack are difficult to model using moment arm models, but can be modeled naturally with dynamic strands.
Strand models were introduced by Pai 46) , and have since been extensively used in the graphics community for the simulation of hair, wire, and other thin structures 47, 48) . However, these models are designed for use in free-floating configurations and do not work well in highly-constraining situations present in the hand.
The Cosserat strands of Pai et al. 42) is the first work on using dynamic strands for biomechanical simulations. However, collision detection and contact response is difficult with such a model. The spline-based strands of Sueda et al. 43) is an improvement over the The reduced Eulerian strands of Sueda et al. 45) is to date the best dynamic strand model for the hand. They efficiently handle two problems that occur frequently in the musculotendons of the hand.
First, a musculotendon wrapping around an anatomical obstacle, such as a bone or other muscles, is handled by reducing the degrees of freedom of the musculotendon strand to exactly match the geometric constraint. Second, errors in the spatial discretization of the musculotendon at the constraint boundary are eliminated using an Eulerian discretization of the musculotendon that stays fixed at the interface of the constraint. With reduced Eulerian strands, tendon injuries, such as the swan-neck and boutonniere deformities 49) shown in Figure 2 , can easily be simulated.
Unlike joint-torque models, Dynamic strand models have not been applied to hand-object manipulation due to the complex interactions between anatomical components and computation of muscle activation.
Volumetric
Anatomically accurate volumetric muscle models have also been popular in computer graphics. These models, however, have not been applied to the hand because they are not suited for thin solids, such as the musculotendons of the hand, which would require disproportionately dense spatial discretization.
Chen and Zeltzer 's seminal work 7) on musculoskeletal simulation in graphics uses the Finite Element Method (FEM) with a constitutive model from the biomechanics literature 39) , and
show simulation results of several muscles and bones in contact.
However 
Conclusions
We presented an overview of simulation models of the human hand from the graphics community. The models were divided into six categories, each with an important use in computer graphics.
Example-based models give the best visual output, but cannot be 
.
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